The protein known as eIF5A (eukaryotic initiation factor 5A) has an elusive role in translation. It has a unique and essential hypusine modification at a conserved lysine residue in most eukaryotes. In addition, this protein is modified by phosphorylation with unknown functions. In the present study we show that a phosphorylated state of eIF5A predominates in exponentially growing Trypanosoma cruzi cells, and extensive dephosphorylation occurs in cells in stationary phase. Phosphorylation occurs mainly at Ser 2 , as shown in yeast eIF5A. In addition, a novel phosphorylation site was identified at Tyr 21 . In exponential cells, T. cruzi eIF5A is partially associated with polysomes, compatible with a proposed function as an elongation factor, and becomes relatively enriched in polysomal fractions in stationary phase. Overexpression of the wild-type eIF5A, or eIF5A with Ser 2 replaced by an aspartate residue, but not by alanine, increases the rate of cell proliferation and protein synthesis. However, the presence of an aspartate residue instead of Ser 2 is toxic for cells reaching the stationary phase, which show a less-pronounced protein synthesis arrest and a decreased amount of eIF5A in dense fractions of sucrose gradients. We conclude that eIF5A phosphorylation and dephosphorylation cycles regulate translation according to the growth conditions.
The protein known as eIF5A (eukaryotic initiation factor 5A) has an elusive role in translation. It has a unique and essential hypusine modification at a conserved lysine residue in most eukaryotes. In addition, this protein is modified by phosphorylation with unknown functions. In the present study we show that a phosphorylated state of eIF5A predominates in exponentially growing Trypanosoma cruzi cells, and extensive dephosphorylation occurs in cells in stationary phase. Phosphorylation occurs mainly at Ser 2 , as shown in yeast eIF5A. In addition, a novel phosphorylation site was identified at Tyr 21 . In exponential cells, T. cruzi eIF5A is partially associated with polysomes, compatible with a proposed function as an elongation factor, and becomes relatively enriched in polysomal fractions in stationary phase. Overexpression of the wild-type eIF5A, or eIF5A with Ser 2 replaced by an aspartate residue, but not by alanine, increases the rate of cell proliferation and protein synthesis. However, the presence of an aspartate residue instead of Ser 2 is toxic for cells reaching the stationary phase, which show a less-pronounced protein synthesis arrest and a decreased amount of eIF5A in dense fractions of sucrose gradients. We conclude that eIF5A phosphorylation and dephosphorylation cycles regulate translation according to the growth conditions.
INTRODUCTION
eIF5A (eukaryotic initiation factor 5A) is highly conserved and essential in eukaryotic organisms [1, 2] . It was originally described as a translation initiation factor, but more recently it was proposed to participate in translation elongation [3, 4] . It is also involved in RNA decay [5] , apoptosis and cell cycle control [6, 7] . eIF5A is uniquely modified by the addition of an aminobutyl group, originated from spermidine, to a specific lysine residue, followed by hydroxylation, forming a hypusine residue [8] . This modification is required for the function of this protein [9] . In addition to hypusination, other modifications, such as phosphorylation, have been described in eIF5A, but very little is known about their roles. In yeast, Ser 2 is phosphorylated and this modification does not seem to affect protein synthesis [10, 11] . Replacement of Ser 2 by an aspartate residue in maize leads to eIF5A accumulation in the nucleus, suggesting that phosphorylation is involved in nucleocytoplasmic shuttling in plant cells [12] . As eIF5A accumulates in stressed plant cells [13, 14] , this modification could have a role in translation under stress as it is involved in the control of mRNA levels related to cell viability and senescence [15] .
Protozoan parasites from the Trypanosoma genus undergo cellular transformations under nutritional changes to adapt to their different hosts [16] . This is achieved by regulating protein expression mainly at the post-transcriptional level [17, 18] . Thus translational control seems to play a major role in the life cycle of trypanosomatids. Trypanosoma cruzi, the cause of Chagas' disease, proliferates as epimastigotes in the midgut of the insect vector full of the blood meal. When the blood is digested, epimastigotes reach the stationary phase and transform into the non-proliferative and infective metacyclic trypomastigotes. These forms are able to infect mammalian cells and, in the host cells, they differentiate again into a proliferating stage. These events can be reproduced in vitro, when nutrients are removed, or in stationary cultures. Under these conditions protein synthesis decreases, and a certain set of proteins is expressed [19] , leading to a differentiation process [20] . To identify the signals involved in these transformations, we looked for differential protein phosphorylation between exponential and stationary epimastigote cultures. We found that eIF5A is phosphorylated in actively growing cells and becomes dephosphorylated in stationary cells. Therefore we investigated the role of TceIF5A (T. cruzi eIF5A) phosphorylation. The results of the present study indicate that Ser 2 phosphorylation modulates the interaction of eIF5A with translating ribosomes in events that are critical for the survival of stationary cells.
EXPERIMENTAL Parasites
T. cruzi epimastigotes from the Dm28c strain were maintained in liver infusion tryptose medium supplemented with 10 % FBS (fetal bovine serum) as described previously [21] . Epimastigotes of the CL-Brener strain were cultivated as described in [22] , both at 28
• C. Exponentially growing cultures corresponded to up to 1×10 7 parasites /ml, whereas stationary cultures were (6-7)×10 500 units of penicillin and streptomycin, and 10 % FBS at 37
• C [24] . For amino acid incorporation assays, parasites were washed and resuspended in 3 ml of RPMI 1640 medium to 3×10 7 parasites/ml and incubated with 36 μCi of L- [4,5- 3 H]leucine (120-190 Ci/mmol, PerkinElmer) for 2 h at 28
• C. Cells were collected by centrifugation, washed twice with fresh RPMI 1640 medium and lysed in 20 mM Tris/HCl (pH 8.0), 300 mM NaCl and 1 % Triton X-100. Proteins were precipitated by the addition of 10 % (w/v) TCA (trichloroacetic acid) and 10 % acetone, and 1 h incubation at − 20
• C. Precipitated proteins were collected by centrifugation (10 000 g for 15 min at 4
• C), washed with icecold acetone to remove unincorporated [ 3 H]leucine, air-dried and solubilized in 4 % SDS in 20 mM Tris/HCl (pH 7.4), at 96
• C for 3 min. The incorporated radioactivity was counted by liquid scintillation.
Antibodies
The coding sequence for TceIF5A was obtained from the genomic DNA of CL-Brener and DM28c strains by PCR using oligonucleotides eIF5AFow (5 -AACATATGTC-CGATGATGAGGGAAA-3 ) and eIF5ARev (5 -AAGGATC-CTTACTTTTCAACAGCATTTTTA-3 ), and cloned into the NdeI and BamHI sites of pET14b (Novagen). The plasmid was used to transform Escherichia coli BL21 DE3 cells containing the pLysS plasmid (Novagen), and the recombinant protein was obtained upon induction at 25
• C for 14 h with 0.5 mM IPTG (isopropyl β-D-thiogalactopyranoside) after a shock with 2 % ethanol. Bacteria were lysed with BugBuster TM (Novagen) and the protein was purified by Ni 2 + -Sepharose (GE Healthcare) chromatography. The histidine tail was removed with the Thrombin Removal kit (Novagen), and the protein was used to immunize rabbits by standard procedures, approved by the ethic commission of the Federal University of São Paulo, UNIFESP. The immunoglobulins were purified by chromatography on Protein A-Sepharose (GE Healthcare). Anti-tubulin serum was obtained by immunizing rabbits with mKLH (maleimideactivated keyhole limpet haemocyanin; Pierce) conjugated with a synthetic peptide corresponding to the C-terminal sequence of T. cruzi β-tubulin (NH 3 -QDATIEEEGFDEEEFDQYC-amide). Anti-Hsp (heat-shock protein)-70 [25] was kindly provided by Dr James D. Bangs (University of Wisconsin, Madison Medical School, Madison, WI, U.S.A.) and anti-TcRPL26 [26] was provided by Dr Samuel Goldenberg (Instituto Carlos Chagas, Curitiba, Brazil). The anti-His 6 tag antibody was from Roche Diagnostics.
TceIF5A purification
Parasites (2×10 9 ) were collected by centrifugation, washed twice and lysed by five cycles of freezing-thawing in 1 ml of 20 mM Tris/HCl (pH 8.0), containing 2 mM MgCl 2 , 2 mM EGTA, 150 mM NaCl, and phosphatase (PhosStop) and protease (Complete TM , EDTA-free) inhibitors (Roche). The insoluble material was removed by centrifugation at 15 000 g for 20 min at 4
• C. The supernatant was applied to a DEAE-Sephacel column (1.5 cm×4.0 cm) equilibrated with 20 mM Tris/HCl (pH 8.0) containing the protease and phosphatase inhibitors. The samples were eluted with a gradient from 0.1 to 0.6 M NaCl in Tris/HCl (pH 8.0). The fractions containing TceIF5A were identified by spotting 1 μl of each fraction on to a nitrocellulose membrane, reacting with anti-TceIF5A antibodies followed by ECL (enhanced chemiluminescence) detection. Reactive fractions were pooled and equilibrated in 20 mM Hepes (pH 7.6), 10 % glycerol, 0.2 mM EDTA and 7 mM 2-mercaptoethanol, plus protease and phosphatase inhibitors. This pool was then chromatographed on a MonoQ column equilibrated in the above buffer. The column was washed with 5 vol. of this buffer and the material eluted with a gradient of 0.1-0.6 M KCl in the equilibration buffer without the inhibitors [10] .
Generation of T. cruzi overexpressors and purification of ectopically expressed His 6 -eIF5A
TceIF5A was amplified by PCR from the pET14b construct by using the oligonucleotides eIF5AFow-p33 (5 -ACCATGG-TCTAGAATGTCCGATGATGAG-3 ) and eIF5ARev-p33 (5 -AGGATCCCTTTTCAACAGCATT-3 ). To prepare the mutants of eIF5A, the eIF5AFow-p33-mutS2A (5 -ACCATGG-TCTAGAATGGCCGATGATGAG-3 ) and eIF5AFow-p33-mutS2D
(5 -CCATGGTCTAGAATGGACGATGATGAG-3 ) oligonucleotides were used as forward primers. Underlined residues represent cloning sites and in bold are the Ser 2 or modified codons. The amplified fragments were cloned into the TOPO ® TA cloning vector (Invitrogen) and then inserted into the NcoI and BamHI sites of the pQE60 vector (Qiagen). The fragments were then removed by digestion with XbaI and HindIII and inserted into the p33 vector [27] pre-digested with the same enzymes. The use of pQE60 allowed the insertion of the histidine tail at the C-terminus of the protein. Both resulting plasmids (50 μg each) were then used to transfect T. cruzi epimastigotes (CL-Brener strain) as described previously [27] , using Amaxa Nucleofactor technology (V033 program) followed by selection with 0.5 mg/ml Geneticin (G418) (Invitrogen). As a control, parasites were transfected with p33-H2B GFP [27] .
Ectopically expressed His 6 -TceIF5A proteins were purified from epimastigote lysates prepared as described above, with the addition of 0.5 % Nonidet P40. The cleared lysates (10 000 g) were chromatographed on Ni 2 + -agarose (GE Healthcare) equilibrated in 20 mM Tris/HCl (pH 8.0), containing 500 mM NaCl and 30 mM imidazole, and the cocktail of protease and phosphatase inhibitors. The proteins were eluted in the same buffer in the presence of 500 mM imidazole.
Immunofluorescence
Cells were collected by centrifugation at 2000 g for 5 min, washed twice in PBS, resuspended to 1×10 7 parasites in 1 ml of PBS, and added to glass slides. Attached parasites were fixed in 4 % (w/v) paraformaldehyde in PBS for 20 min, washed with PBS, and permeabilized for 5 min with 0.1 % Triton X-100. PBS-slides were incubated for 30 min in 1 % BSA in PBS and then incubated with anti-TceIF5A (1:7000 dilution), antiHsp70 (1:1500 dilution) or anti-His 6 (1:1000 dilution) antibodies in blocking solution for 1 h at 37
• C. Bound antibodies were detected by incubation with anti-rabbit IgG antibodies conjugated to Alexa Fluor ® 488 or Alexa Fluor ® 594 (Invitrogen) in the presence of 10 μg/ml DAPI (4 ,6-diamidino-2-phenylindole), and mounted in ProLong Gold anti-fading reagent (Invitrogen). Serial images (0.2 μm) were collected using a 100× objective 1.40 NA (numerical aperture) using the Cell ∧ M software (Olympus Europe) in a motorized Olympus IBX81 microscope. Images were processed by blind deconvolution using Autoquant X 2.1. Alternatively, images were acquired by using an Olympus IX-71 inverted fluorescence microscope coupled to a Photometrix Cool Snap HQ charge-coupled device camera driven by Delta Vision software (Applied Precision).
Western blot analysis
The cell lysates prepared as described above were analysed by SDS/PAGE (15 % gels) and the proteins were transferred on to nitrocellulose membranes. Non-specific binding was blocked with 5 % non-fat dried skimmed milk in PBS-T (PBS containing 0.1 % Tween 20) for 30 min at room temperature (23 • C). The membranes were incubated with anti-TceIF5A (1:8000 dilution), anti-tubulin (1:4000 dilution), anti-His 6 (1:2000 dilution) or anti-TcRPL26 (1:1000 dilution), all diluted in PBS, for 1 h at room temperature. After three 10 min washes with PBS-T, the membranes were incubated with HRP (horseradish peroxidase)-conjugated goat anti-rabbit IgG (Invitrogen) diluted at 1:10 000 for 1 h. After three 10 min washes with PBS-T, bound antibodies were detected using a chemiluminescence kit (Millipore) according to the manufacturer's instructions.
Polysome analysis
T. cruzi extracts were subjected to sucrose gradients as described by Brecht and Parsons [28] , with modifications as described previously [29] . Briefly, epimastigotes (5×10 8 ) were incubated for 5 min with 100 μg/ml cycloheximide added to the culture medium, cooled immediately on ice, and after 10 min, cells were collected by centrifugation (2000 g) for 10 min at 4
• C. The cells were resuspended in 20 ml of ice-cold PBS containing 100 μg/ml cycloheximide and again collected by centrifugation. The parasites were then resuspended in 250 μl of 300 mM KCl, 10 mM MgCl 2 , 10 mM Tris/HCl (pH 7.4), 1 mM DTT (dithiothreitol), 1.2 % Triton X-100 and 100 μg/ml cycloheximide, and Complete TM EDTA-free and PhosStop inhibitors. The mixture was stirred vigorously for 10-15 s and centrifuged at 3000 g for 3 min at 4
• C. Collected supernatants were mixed with 10 μl of heparin (100 mg/ml) and 17 μl of 3 M NaCl solution. The absorbance of extracts at 260 nm was measured and the amount corresponding to 10 units of absorbance (260 nm) was loaded on to linear 7-47 % sucrose gradients prepared in 300 mM KCl, 10 mM MgCl 2 , 10 mM Tris/HCl (pH 7.4) and 1 mM DTT. The gradients were prepared in polyallomer (14 mm×89 mm) tubes (Beckman) by using Gradient Master 107 (BioComp) and kept at 4
• C for at least 1 h before adding the samples. Tubes were centrifuged for 2 h and 30 min at 39 000 rev./min in an SW41Ti rotor (Beckman). Fractions (1 ml each) were collected from the top by injecting in the bottom a 60 % sucrose solution at 1 ml/min using the Econo Gradient Pump kit (Bio-Rad Laboratories), and absorbance at 254 nm was measured at sensitivity 0.5 AUFS.
Two-dimensional gel electrophoresis and MS analysis
Proteins were purified from the phenolic phase of 1×10 8 cells extracted with 400 μl of TRIzol ® (Invitrogen). After removal of DNA by ethanol precipitation, proteins were pelleted by the addition of propan-2-ol, washed three times with 0.3 M guanidine hydrochloride in 95 % ethanol, and once with 100 % ethanol. For phosphatase treatment, TRIzol ® -extracted proteins were dried and resuspended in 50 μl of a buffer containing 50 mM Hepes (pH 7.5), 100 mM NaCl, 2 mM DTT, 0.01 % Brij 35, and 1 mM MgCl 2 , and incubated for 3 h at 30
• C in the presence or absence of 800 units of λ-phosphatase (New England Biolabs) and re-extracted with TRIzol ® . Solubilization was achieved by sonication in 100 μl of 2 M thiourea, 8 M urea, 4 % CHAPS, 50 mM DTT, 100 μl of protease inhibitor cocktail (Complete TM EDTA-free) and 50 μl of phosphatase inhibitor cocktail. Samples containing 500 μg of solubilized proteins were diluted to 350 μl in 8 M urea, 2 M thiourea, 2-4 % CHAPS, 25 mM DTT, 1-4 % ampholytes [IPG (immobilized pH gradient) buffer], Complete TM EDTA-free protease inhibitor, and PhosStop, and used to rehydrate strips of 13 cm (pH 3-10 and 4-7). The Ettan TM IPGphor TM 3 IEF (isoelectric focusing) apparatus was set to 12 h rehydration at 30 V, step-in-hold for 60 min at 300 V, stepin-hold for 60 min at 500 V, step-in-hold for 60 min at 1000 V, gradient for 60 min to 8000 V and step-in-hold from 8000 to 50 000 V. After focusing, the strips were equilibrated in 10 ml of 6 M urea, 50 mM Tris/HCl (pH 8.8), 30 % glycerol, 2 % SDS, 0.002 % Bromophenol Blue and 25 mM DTT for 15 min, followed by the addition of 40 mg of iodoacetamide per ml for 15 min, to perform cysteine alkylation. The strips were loaded on to the top of SDS/PAGE (12 % gel), sealed with agarose and submitted to 1.6 W during loading and then to 16 W at 20
• C [30] . After electrophoresis, the gels were washed twice with water for 30 min, fixed in 40 % methanol/10 % acetic acid, stained with 0.12 % Coomassie Blue G-250 in 10 % phosphoric acid, 10 % ammonium sulfate, 20 % methanol and destained by three washes (30 min each) in 5 % acetic acid [31] . Alternatively, gels were fixed with 50 % methanol/10 % acetic acid and stained with Pro-Q Diamond to detect phosphorylated proteins, followed by Sypro Ruby (both from Molecular Probes) to detect total proteins [32] . Images were acquired in a Typhoon 9200 scanner (GE Healthcare) using excitation of 532 nm for both stains, and emission of 560 nm for Pro Q-Diamond, and 580 nm for Sypro Ruby. Quantitative analysis was performed with Melanie V6 software (GE Healthcare). Selected spots were recovered with Xcise TM (Shimadzu), or excised manually from the gels. The proteins in the gel pieces were digested with trypsin as described previously [33] . Purified proteins were digested in solution by incubation with 0.1 μg of trypsin/μl in both cases, trypsin was inactivated by adding acetic acid to pH 2, followed by desalinization using ZipTip (Millipore) for MALDI (matrix-assisted laserdesorption ionization) analyses. Eluted samples were mixed with 5-10 μg/ml α-cyano-4-hydroxycinnamic acid (LBL) and spotted into AXIMA-CFR MALDI-TOF (time-of-flight) (Shimadzu), or a MALDI coupled to a Q-TOF Premier instrument (Micromass, Waters). For ESI (electrospray ionization)-Q-TOF analysis, samples were prepared as described previously [34] and injected into a LC-nano capillary LC (liquid chromatography) system (CapLC, Micromass/Water) coupled to an ESI-Q-TOF Ultima API system (Micromass, Waters). Data were processed using the MASCOT software (http://www.matrixscience.com).
RESULTS

TceIF5A is dephosphorylated in stationary growth phase
In exponentially growing T. cruzi epimastigotes of the DM28c strain, a major phosphorylated protein was detected by ProQ Diamond staining of extracts separated by two-dimensional gel electrophoresis ( Figure 1A) . Notably, the signal corresponding to an 18 kDa protein was drastically reduced in stationary phase cells, whereas the corresponding spot stained by SyPRO Ruby, a general protein dye, remained similar in both cases. This spot was excised from the gel digested with trypsin and identified as TceIF5A by MALDI Q-TOF MS analysis. To ascertain the identity of the protein, we probed the two-dimensional gels with anti-TceIF5A antibodies. The antibodies were raised against a recombinant TceIF5A protein purified from E. coli (Supplementary Figure S1A at http://www.biochemj.org/bj/ 451/bj4510257add.htm). These antibodies revealed at least four spots in two-dimensional gels of extracts of exponential cells, whereas a smaller number of spots were observed in extracts of stationary phase parasites ( Figure 1B ). To determine whether the differences in spot migration could be due to phosphorylation, total protein extracts from exponentially growing parasites were treated with λ-phosphatase and subjected to two-dimensional electrophoresis followed by Western blot analysis. As shown in Figure 1 (B), the treatment resulted in a shift in migration of the protein towards alkaline pH, supporting the notion that at least the two spots towards the acidic side of the gel correspond to phosphorylated forms of TceIF5A.
TceIF5A is phosphorylated at Ser 2 and Tyr 21
To confirm the presence of phosphorylated residues in TceIF5A and identify the modified amino acids, the protein was purified from the parasite by two sequential anion-exchange chromatographies, following the fractions with anti-TceIF5A antibodies. The elution profile of the protein and the Coomassie Blue staining of the purified material after separation by SDS/PAGE is shown in Supplementary Figure S1 (B). The purified samples were submitted to ESI-Q-TOF mass analysis generating 72 % coverage of the protein with a score of 1983 when using the TriTryp database (http://tritrypdb.org/tritrypdb/). Spots from the two-dimensional gels were also analysed by MALDI-Q-TOF. The peptides identified and the modifications are shown in Supplementary 
TceIF5A associates with polysomes
In Saccharomyces cerevisiae, eIF5A associates with polysomes, which represent ribosomes actively engaged in translation, supporting a proposed role in the elongation step of translation [3, 4] . We then investigated whether TceIF5A would also associate with the translational machinery. Total cell extracts were prepared from cells of the CL-Brener strain in the exponential growth phase, or in stationary phase, known to have lower translation rates and to undergo differentiation [20, 29] . The extracts were then fractionated on sucrose gradients. Rapidly growing cells have large amounts of polysomes compared with monosomes (80S), compatible with their high rate of translation ( Figure 2 ). In contrast, and as shown previously, stationary cells present reduced amounts of polysomes and a large increase in the 80S peak, a profile related to decreased translation initiation rates. Similar results were obtained with the DM28c strain (Supplementary Figure S3 at http://www.biochemj.org/bj/451/bj4510257add.htm), which expresses the same amount of eIF5A (Supplementary Figure  S1A) . Interestingly, in the DM28c strain there is a predominance of disomes over the heavier polysomes in exponentially growing parasites, observed repeatedly during the present study. In stationary or starved parasites, the profile of DM28c and CL-Brener are identical. The reason for the lower abundance of heavy polysomes in the DM28c strain in exponential growth is unknown, but it may be related to translation rates associated with an ineffective action of cycloheximide. This is on the basis of our observations that the CL-Brener extracts made without cycloheximide and kept on ice retain a normal high polysome content for a long time (results not shown). Gradient fractions were then tested for the presence of TceIF5A by Western blotting using as a control the distribution of the ribosomal protein TcRPL26. Most TceIF5A was found in the light soluble fractions, trailing into the fractions containing ribosomal subunits in both strains (Figure 2 and Supplementary Figure  S3) . A small percentage of TceIF5A was also found in heavier polysomal fractions. In the case of stationary cells or stressed cells, however, TceIF5A seemed to be relatively enriched in the dense fractions, even though most elongating ribosomes disassemble into the 80S particle, as determined both by the profile and by Figure S4 at http://www.biochemj.org/bj/451/bj4510257add.htm). Therefore this relative increase in TceIF5A in the dense fractions suggests that, in conditions of stress, TceIF5A becomes enriched in the few polysomes that remain engaged in translation.
The association of TceIF5A with the translation machinery is compatible with its observed cytoplasmic location, as determined by immunofluorescence labelling using as a control the signal for Hsp70 [35, 36] (Supplementary Figure S1C) . In addition, in stressed cells, no change in localization of TceIF5A was observed (Supplementary Figure S4B) . Interestingly, TceIF5A expression is reduced in non-dividing trypomastigotes derived from infected mammalian cells and to even lower levels in metacyclic-trypomastigotes (Supplementary Figure S4A) , which correspond to the parasite infective forms found in the insect vector, known to have significantly reduced translation rates. In the immunofluorescence analysis of metacyclic-trypomastigotes, there is minimal labelling and cells undergoing differentiation show a progressive decrease in the labelling. Under all growth conditions and parasite forms, eIF5A remains in the cytoplasm (Supplementary Figure S4B) .
Overexpression of wild-type TceIF5A accelerates cell growth and increases translation rates
To further understand the role of TceIF5A and its modifications, the protein containing a His 6 tag at its C-terminus was overexpressed in epimastigotes of the CL-Brener strain, from a vector containing a T. cruzi ribosomal promoter that drives the constitutive expression of the cloned sequence [27] . As shown in Figure 3 (A), these cells presented an increased expression of TceIF5A compared with cells transfected with the control plasmid. The ectopically expressed protein showed a slower migration in the gel when compared with the endogenous protein, most probably due to the presence of the histidine tail. It was also detected by Western blot using anti-His 6 antibodies, and was retained in Ni 2 + -agarose columns. Importantly, we found that the growth rate of parasites overexpressing TceIF5A was significantly higher than non-transfected parasites or parasites transfected with the same vector that expresses GFP (green fluorescent protein) in fusion with the histone H2B ( Figure 3B ). Polysomal profiling of exponentially growing cells also revealed that overexpression of TceIF5A increased the relative ratio of polysomes and the 80S monosome peak (P/M ratio), but not the total level of monosomes and polysomes when compared with non-transfected cells or to cells overexpressing the H2B-GFP protein in exponential growth phase. In Figure 3 (C), panels a, c and e represent typical profiles, and the indicated P/M ratios are the means of biological triplicate experiments. In stationary cells, the levels of polysomes decrease but no statistically significant differences were observed between the TceIF5A overexpressor and control cells ( Figure 3C , panels b, d and f). 
Replacement of Ser 2 in eIF5A by aspartate, but not by alanine, causes increased translation and growth rate, but is toxic to stationary phase parasites
To investigate the role of Ser 2 phosphorylation, we generated T. cruzi cell lines overexpressing TceIF5A with alanine (S2A) or aspartate (S2D) at position 2. These cell lines produce similar amounts of overexpressed proteins in exponential and stationary cultures ( Figure 4A ). The S2A mutant protein migrates less than the endogenous eIF5A, as found for the wild-type overexpressed protein. For the S2D mutant, the His 6 -tagged protein migrates close to endogenous eIF5A, probably due to the negative charge introduced by the aspartate residue. All overexpressed TceIF5A proteins show similar and unchanged cytoplasmic localization, as determined by immunofluorescence analyses using antiHis 6 and anti-eIF5A antibodies (Supplementary Figure S5 at http://www.biochemj.org/bj/451/bj4510257add.htm).
The tagged proteins were purified from parasite extracts on Ni 2 + -agarose columns and analysed by MS. The presence of Ser 2 phosphorylation was confirmed for the wild-type overexpressed protein (Supplementary Table S2 at http://www.biochemj.org/bj/451/bj4510257add.htm). Interestingly, we also found phosphorylated Ser Table S3 at http://www.biochemj.org/bj/451/bj4510257add.htm). The peptides corresponding to the hypusine modification were not detected in these analyses, probably because the signal for this peptide was too low compared with the total amount of protein. Nevertheless, evidence that these proteins are hypusinated was obtained from the increased sensitivity of the strains overexpressing both the wild-type and the S2A mutant to GC7 (N 1 -guanyl-1,7-diaminoheptane), a DHS (dehydroxy-hypusine synthase) inhibitor [37] , when compared with non-transfected cells (Supplementary Figure  S6 at http://www.biochemj.org/bj/451/bj4510257add.htm). This increase in sensitivity can be explained by the presence of an excess TceIF5A of ectopic origin, which would compete with intrinsic factors when non-hypusinated. However, GC7 has to be used at high concentrations to produce a visible effect in parasites, in agreement with previous observations that GC7 is a poor inhibitor of Leishmania DHS [38] .
Notably, the overexpression of the mutant S2A protein did not result in an increased multiplication rate, with growth remaining similar to that of non-transfected cells or cells transfected with the control plasmid ( Figure 4B ). In contrast, the growth of the S2D overexpressor strain is increased in a similar manner to that of the wild-type overexpressor strain, indicating that the aspartate residue may be mimicking the phosphorylated form of Ser 2 . This result suggests that phosphorylation of Ser 2 promotes cell proliferation. We noticed, however, that the S2D-expressing cells became less motile when cultures reached the stationary phase. This is shown in Figure 4(C) , representing a quantification of the motile parasites in the cultures, and in Figure 4(D) , representing the mean velocity of parasites as determined from time-lapse image acquisitions.
In fact, when the S2D-overexpressing cell line was being generated, we noticed that the cultures had to be passaged before they reached the stationary growth phase in order to avoid loss of viability. In addition, long-term cultures ceased to overexpress the protein, even if the selective pressure was maintained. Actually, maintenance of cells in stationary phase leads to a faster loss of eIF5A overexpression in the case of S2D (Figure 4E ), confirming that this mutation is toxic to cells under this stress condition.
To further understand the effects of the overexpression of TceIF5A and of its mutant derivatives, the incorporation of [ 3 H]leucine into proteins was measured in biological triplicates. As shown in Figure 4(F) , both wild-type and S2D-overexpressor cells incorporated more radiolabelled amino acid when compared with S2A and with non-transfected cells. On the other hand, in stationary phase, all cell lines showed decreased amino acid incorporation in proteins, except the S2D overexpressor ( Figure 4G ), indicating that the mutation which mimics the constitutive phosphorylated state of eIF5A renders protein synthesis less sensitive to the adverse conditions of stationary cultures. This may be the reason for the deleterious effects of this mutant protein observed in stationary cells. Taken together, these results suggest that Ser 2 phosphorylation promotes protein synthesis and growth, and that its dephosphorylation is required for lowering translation rates necessary for cell survival during stationary phase.
Dephosphorylated eIF5A has increased binding to polysomes at stationary phase cells
To understand how the mutated proteins affect translation rates, we analysed the polysomal profiles of these cell lines and the distribution of the different mutated forms of TceIF5A on the gradients. In order to better visualize the distribution of eIF5A in the gradient fractions by Western blot analysis, the loading for the first two lanes was 10 %, and the third and fourth lanes 50 % of the subsequent ones, as indicated in the Figure legend . Under exponential growth conditions, the cell line expressing the S2A mutant had a similar profile as the wild-type overexpressor, even though the incorporation of radiolabelled amino acid by this overexpressor cell line is lower than that overexpressing the wild-type protein ( Figure 5 ). In contrast, the strain expressing the S2D mutant showed a profile with a lower P/M ratio when compared with the wild-type overexpressor, even though the incorporation of radiolabelled amino acid was similar between these two strains. Clearly, the polysome profiles do not relate to amino acid incorporation data, suggesting that the effect is not simply an initiation-related event. In stationary phase cultures, the wild-type and S2A overexpressors did not differ, but the profile of the S2D cell line showed a somewhat lower P/M ratio, which again does not reflect the data of amino acid incorporation. When analysing the distribution of the overexpressed proteins in exponentially growing cells, compared with non-transfected cells, we noticed an increased amount of eIF5A in the polysomal fractions for all of them (compare Figure 2 and Supplementary Figure S3 with Figure 5 ). Comparatively, however, the S2A mutant protein seemed to be more enriched in the larger polysomes. In stationary phase cells, the overexpressed wild-type and S2A proteins were even more represented in the heavier fractions, similar to endogenous eIF5A. Remarkably, a drastic difference was observed in the distribution of the S2D protein in comparison with both wild-type and S2A forms of TceIF5A. S2D protein was largely absent from the heavier fractions, accumulating in the fraction corresponding to the 80S ribosomal subunit ( Figure 5F ). Evidence that TceIF5A associates with actively translating ribosomes was obtained by the treatment of cell extracts with RNase A or EDTA, or by pre-incubation of cells with puromycin in both exponential and stationary cultures. Such treatments abolished the presence of the protein in dense polysomal fractions (Figure 6 ).
These results then suggest that Ser 2 phosphorylation triggers the release of TceIF5A from translating ribosomes and, together with the amino acid incorporation data obtained from the same lineages and same conditions, indicate that the rate of release of TceIF5A from elongating ribosomes and its recycling may modulate translation. Thus, in stationary cells, unphosphorylated eIF5A remains associated with translating ribosomes, lowering recycling and thus down-modulating translation, which would be required for cell survival or for specific gene expression. In the S2D mutant, that mimics a phosphorylated status, high recycling rates may promote translation in adverse conditions, then leading to cell death.
To gain additional information about the mechanism by which the phosphorylation of TceIF5A would affect translation, we performed run-off analysis of polysomes in extracts of cells obtained in exponential phase, not treated with cycloheximide. As shown in Figure 7 , S2D cells started from a lowered P/M ratio compared with the other two cell lines, as shown above. However, all three lineages had similar decay kinetics, suggesting that the phosphorylation of Ser 2 does not directly affect ribosomes that are already engaged in elongation of the polypeptide chains.
DISCUSSION
In the present study, we have shown that eIF5A in T. cruzi is differentially phosphorylated according to the growth conditions. It is one of the most abundant phosphorylated proteins detected in two-dimensional gels, and undergoes extensive dephosphorylation in cells entering the stationary growth phase. Our main observation is that phosphorylation of eIF5A modulates general protein synthesis and the interaction of eIF5A with translating ribosomes. We further show that this event is crucial for the survival of cells during stationary growth conditions. MS analysis of eIF5A purified from T. cruzi revealed two phosphorylation sites (Ser 2 and Tyr 21 ). Because the peptide containing phosphorylated Ser 2 was repeatedly detected in several analyses, we considered that this modification occurs more frequently than Tyr 21 . Moreover, Ser 2 phosphorylation is also found in Trypanosoma brucei eIF5A phosphoproteome analyses [39] , and has been detected in several lower eukaryotes and plants, suggesting a conserved role for this modification. Previous studies have shown that a S2A mutation in yeast eIF5A does not affect protein synthesis in vitro or cell growth, but these experiments were performed under optimal growth conditions [10, 11] . In plants, the modification of Ser 2 to aspartate leads to altered cellular localization of eIF5A [12] , which is not the case for T. cruzi, as shown in the present study. eIF5A Ser 2 phosphorylation Cells from exponentially growing cultures were collected without incubation with cycloheximide, chilled on ice and extracts prepared at 4 • C. Each cell extract was then incubated at 28 • C for the times indicated before loading on to sucrose gradients. Panels show the polysome profiles of the extracts from cells overexpressing wild-type (WT), S2A and S2D eIF5A after the incubation times indicated. The bottom panel shows the polysome/monosome ratios (P/M) over time for the cell line indicated.
was shown to be promoted by CK2 in plants, an enzyme that phosphorylates residues preceding acidic amino acids [40] , which are found after Ser 2 in Trypanosoma, and several other species. CK2 activation has been related to cellular proliferation in many cellular systems [40] , and thus may also be active in exponential T. cruzi cultures. Accordingly, Trypanosoma CK2 has been show to affect cellular growth, being involved in nucleocytoplasmic traffic [41] and α-tubulin phosphorylation [42] . Tyr 21 phosphorylation in eIF5A has not been described before. It could be related to differentiation control, unique to trypanosomes, as the inhibition of a tyrosine protein phosphatase affects cellular differentiation of T. cruzi and T. brucei [43] . We also detected Ser 47 phosphorylation. However, this modification was only seen when overexpressing eIF5A, not in the endogenous protein. Interestingly, analogous residues in yeast (Ser 45 ) and in human (Ser 46 ) eIF5A are phosphorylated [44] . Phosphorylation of Ser 59 was found in the T. brucei eIF5A phosphoproteome [39] , but it was not seen in our analysis, although this serine residue is conserved in T. cruzi eIF5A. Other phosphorylated residues have been described in yeast eIF5A (Ser 15 , Ser 74 and Ser 149 ) [45, 46] . Ser 149 , for example, affects mRNA decay in yeast [3, 47, 48] . However, these residues are less conserved and are not present at the corresponding positions in TceIF5A. eIF5A hypusination occurs at Lys 53 of T. cruzi, a conserved site compared with several species [7] . Interestingly, we also detected novel methylations in glutamate residues.
In yeast, eIF5A associates with the 80S particle [4, 49] and can only be clearly detected in the heavier polysomal fractions when extracts are prepared from cells after fixation with formaldehyde [3] . Our data on the endogenous T. cruzi eIF5A are thus similar to what is found in yeast. This is in agreement with a transient interaction of eIF5A with the translation machinery, a behaviour shown by several of the factors that participate in translation. When TceIF5A was overexpressed in cells, a larger proportion was found in the polysomal fractions during the exponential phase. The migration of the overexpressed proteins in the polysomal fractions could be due the formation of stress granules [50] found in T. cruzi [51, 52] . However, no difference in the intracellular distribution of endogenous or ectopically expressed eIF5A was found as determined by immunofluorescence analyses of cells grown under different conditions. Moreover, the migration with polysomal fractions was abolished by treating cells with puromycin or by treating the cell extracts with RNAse, indicating that eIF5A associates with actively translating ribosomes. Furthermore, proteomic data generated from purified polysomes indicate the presence of eIF5A in these fractions [53] . It is thus highly unlikely that overexpressed TceIF5A sediments with polysomal fractions by forming another type of dense structure. It is then reasonable to conclude that the increased binding of the ectopically expressed proteins to polysomes is due to mass action.
The mechanism of interaction of eIF5A with polysomes is still poorly defined. It interacts with components of the elongating 80S and elongation factor eEF2 [49, 54] . The elongation factor EF-P, the prokaryotic orthologue of eIF5A, has been described to occupy a site between the P and E sites in the 70S ribosome, spanning both subunits [55] . The interaction of eIF5A with the ribosome is absolutely dependent on the hypusine residue [49, 54] . Since the replacement of Ser 2 by alanine did not abrogate, but rather increased, the TceIF5A interaction with polysomes, we conclude that Ser 2 phosphorylation does not affect hypusination. Additional evidence ruling out that Ser 2 phosphorylation is required for hypusination was the increased sensitivity to GC7 observed in T. cruzi overexpressing eIF5A (wild-type and S2A), compared with non-transfected cells.
The results of the present study suggest that phosphorylation/dephosphorylation modulates the interaction of eIF5A with translating ribosomes. The observations that in stationary phase cells, when eIF5A is mostly dephosphorylated, both the endogenous and overexpressed proteins are enriched in polysomal fractions, and that the S2D mutant shows decreased association with translating ribosomes, support this notion and indicate that phosphorylation negatively modulates the binding of TceIF5A to polysomes. Additionally, the drastic shift in migration to the 80S peak of the S2D mutant in stationary phase cells, compared with the other ectopically expressed proteins, provide strong evidence for the role of Ser 2 in this association. Whether Ser 2 phosphorylation affects the interaction with 80S, or with eEF2 should be investigated further.
The results of the present study also indicate that phosphorylation at Ser 2 , although decreasing the association of eIF5A with polysomes, promotes translation and growth during exponential phase. Therefore we tend to conclude that phosphorylation at Ser 2 promotes the recycling of the protein and consequently a more efficient translation. The eIF5A dephosphorylation observed in stationary cells would be required for inhibition of translation that is fundamental for cell survival. This conclusion finds support in the results showing that amino acid incorporation is maintained at higher levels in stationary cells expressing the S2D mutant when compared with cells expressing other forms of eIF5A. Moreover, the toxic effect of the S2D mutant for stationary phase cells may be due to the uncontrolled synthesis of deleterious proteins.
eIF5A function has been allocated either to the first peptide bond formation, on the basis of methyl-puromycin synthesis, or to the completion of the elongation cycle, on the basis of polysome profiles of cells after depletion of eIF5A and on in vitro elongation assays of preformed initiation complexes [56] . More recently, EF-P, the prokaryotic counterpart of eIF5A, was found to be essential in promoting elongation of polypeptides at repeats of proline residues by increasing the rates of peptidyl transferase activity [56] . In the absence of EF-P, ribosomes stall at these codons. If they occur near the N-terminus of a nascent chain, an incomplete peptide is released. On the basis of these findings, it has been proposed that EF-P, and by inference eIF5A, would be required for the synthesis of a subset of proteins.
In view of these recent reports, our data on the increase in the abundance of large polysomes and in amino acid incorporation in exponential cultures when eIF5A is overexpressed seems to be in agreement with the role of eIF5A as an elongation factor required to alleviate stalling, and suggest that a large number of messages in T. cruzi, or a small number of very abundant ones, may require eIF5A for efficient translation. The interpretation of the polysome profiles for the cell lines expressing the mutant proteins is difficult because of the presence of the endogenous wild-type protein.
The S2D protein would resolve stalling in the initial elongation cycles, but due to its lower affinity for elongating ribosomes, it would not be able to be retained in larger polysomes, thus resulting in the profile we observed, more closely related to the profile of the wild-type non-transfected cells. However, because of the increased efficiency in the initial cycles, the amino acid incorporation would be increased relative to the cells expressing only the endogenous protein. For the S2A mutant, its higher retention on ribosomes could perhaps lower the availability of free eIF5A to engage in elongation of new chains; the overall effect could then be the observed profile and amino acid incorporation rates. As these overexpressed proteins showed identical ribosomal run-off kinetics, we infer that the mutations do not affect overall elongation rates, at least in this assay.
In the present study, we relied on results obtained with overexpressed proteins, whereas other reports employed depletion studies. Nevertheless, our data suggest that translation can vary according to the modification of the Ser 2 residue. This in turn is subject to variations according to the growth conditions, as we have shown in the present study. We cannot, however, exclude the possibility that eIF5A phosphorylation would indirectly affect cell growth and increased translation efficiency, as there are several other described effects of eIF5A [7] . Protein synthesis certainly differs between exponential and stationary phases. There are examples showing that eIF5A is required for stress recovery [57, 58] . Dephosphorylated eIF5A predominates in this condition, and both endogenous and overexpressed wild-type and S2A eIF5A accumulate in heavy polysomes in stationary phase cells.
Trypanosomes control gene expression mainly at the posttranscriptional level and very little is known about what happens in stationary phase when cells undergo differentiation into the metacyclic form [18] . Differentiation into the metacyclic form is also induced after nutritional stress [19] , when protein synthesis is arrested [29, 53] and stress bodies are formed [51] , leading to variations in gene expression. Therefore the results of the present study could indicate that dephosphorylation of TceIF5A, most probably at Ser 2 , would maintain the protein interacting with the remaining polysomes allowing the translation of specific messages involved in the differentiation process. This event that allows specific messages to be translated under stress conditions, which repress general protein synthesis, may also occur in other species. The grey background level indicates the most conserved residues among the species. The lysine residue with a black background in the T. cruzi sequence corresponds to the hypusine found by MS/MS. Squared residues correspond to phosphorylated amino acids in TceIF5A. The arrow indicates the conserved position of hypusination, and arrowheads the phosphorylated residues in S. cerevisiae eIF5A. The encircled amino acids correspond to methylated residues in TceIF5A.
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Figure S3 Distribution of TceIF5A in polysome profiles of cells grown in different conditions
Cells (DM28C strain) maintained at exponential phase or stationary phase, or exponential cells starved for 2 h in poor medium (see the main text) were processed for polysome analysis. The first two fractions, containing soluble material at the top of the gradient, were discarded and the remaining samples analysed by Western blotting using anti-TceIF5A or anti-TcRPL26 antibodies. The Ponceau S-stained membrane is shown, with molecular mass markers indicated on the right-hand side of the panel. 
